To investigate the role of intralysosomal redox-active iron in oxidative stress-induced damage in trabecular meshwork (TM) cells. METHODS. Chronic oxidative stress was applied using the hyperoxic model; acute oxidative stress was applied with H 2 O 2 . Microarray analysis was performed using microarrays. mRNA and protein levels were quantified by real-time PCR and Western blot analysis, respectively. Redox-active iron was monitored using calcein-AM. Apoptosis was quantified using double staining. DNA damage was evaluated by singlecell gel electrophoresis assay. Lysosomal permeabilization was monitored using uptake and acridine orange relocation techniques. Intracellular ROS production was quantified using H 2 DCFDA. Cytosolic translocation of cathepsins was visualized with pepstatin-A-BODIPY-FL. Chemical inhibition of cathepsins was achieved with leupeptin and pepstatin A. Silencing of cathepsin expression was accomplished with miRNA sequences. Lysosomal iron chelation was achieved with desferrioxamine. RESULTS. Chronically stressed TM cells showed elevated levels of redox-active iron and altered expression of genes involved in intracellular iron homeostasis. Although iron increased ROS production and lipofuscin levels and sensitized TM cells to H 2 O 2 , intralysosomal iron chelation completely protected the cells against H 2 O 2 -induced cell death and apoptosis. The protective effect of desferrioxamine was mediated by the prevention of lysosomal ROS generation and the rupture of lysosomal membrane, with the subsequent release of cathepsin D into the cytosol. CONCLUSIONS. These results indicate that the generation of intralysosomal ROS induces lysosomal membrane permeabilization and the release of cathepsin D into the cytosol, leading to TM cell death. Here, the authors propose a mechanism by which oxidative stress might contribute to the decrease in cellularity reported in the TM tissue with both aging and disease. (Invest Ophthalmol Vis Sci. 2010;51:6483-6495)
A ging of the trabecular meshwork (TM), the tissue responsible for maintaining proper levels of intraocular pressure (IOP), is suspected to be a major risk factor for the development or progression of primary open-angle glaucoma (POAG), a late-onset disease that constitutes the second leading cause of permanent blindness worldwide. Evidence suggests that an acceleration in the production of reactive oxygen species (ROS) causes oxidative damage to the TM with aging [1] [2] [3] [4] [5] and that this might contribute to the observed loss in TM tissue functionality in ocular hypertension and in POAG. 6 -8 However, the specific mechanisms by which free radicals may exert these pathologic effects on the outflow pathway and the true source of ROS have not yet been determined or even fully hypothesized.
A potential source of intracellular ROS is that generated from H 2 O 2 through iron-catalyzed Fenton reactions, which result in the production of highly reactive hydroxyl radicals (H 2 O 2 ϩ Fe 2ϩ 3 Fe 3ϩ ϩ OH ϩ OH Ϫ ). These newly generated free radicals can induce the peroxidation of adjacent lipids and proteins and oxidative damage to DNA. 9 To meet the physiological demands while avoiding the pro-oxidant effect of iron, cells and organisms handle iron with extreme caution and efficiently prevent free iron from reacting with H 2 O 2 by sequestering it within a series of proteins that control either iron uptake (transferrin; transferrin receptor [TFRC] ), iron storage (ferritin, composed of ferritin heavy chain [FTH] ; and ferritin light chain [FTL] ), or iron export (ferroportin ; ceruloplasmin [CP] ). Moreover, transferrin-mediated iron uptake and iron storage in ferritin are events controlled by the concentration of free redox-active iron (labile iron pool [LIP] ) through the coordinated action of cytosolic iron regulatory proteins (IRPs), which bind to iron-responsive element (IRE) motifs present in the untranslated regions of TFRC and FTH/ FTL genes. Thus, a reduction in intracellular iron availability causes IRPs to bind the IRE motifs in the mRNAs of TFRC or FTH/FTL, thereby inhibiting the translation of ferritin and stabilizing the TFRC mRNA to favor iron uptake and decrease storage. In contrast, under high iron concentrations, IRPs are either assembled into clusters or degraded by the proteolytic systems and cannot bind IRE motifs. This situation results in an upregulation of ferritin synthesis and an increase of TFRC mRNA degradation, thus promoting iron storage and inhibiting iron uptake. 10 -12 Intracellular iron levels have been reported to increase exponentially in cultured primary human fibroblasts and in umbilical vein endothelial cells as a function of cellular senescence. 13, 14 Similarly, localized iron dysregulation with consequent iron accumulation has been demonstrated to occur in a variety of tissues and species during normal aging. [15] [16] [17] [18] [19] [20] [21] [22] It has been postulated that such deposition of iron might contribute to the increased oxidative stress and cellular dysfunction associated with normal aging and with the pathology of a growing number of age-related diseases, including Alzheimer's disease, Parkinson's disease, type 2 diabetes, cardiovascular diseases, and macular degeneration.
Although the mechanisms by which iron accumulates intracellularly during aging are still largely unknown, lysosomes have been suggested to play a major role in the intracellular regulation and homeostasis of iron metabolism. 26 -28 Lysosomes are the main cellular organelles responsible for the degradation of organelles and long-lived proteins and of extracellular and membrane-bound material. Because of the breakdown of iron-containing endocytosed and autophagocytosed material, significant concentrations of labile iron accumulate within the lysosomes, 15, 29 where it participates in Fenton reactions, leading to the generation of lysosomal ROS.
Our laboratory recently reported that prolonged exposure of TM primary cultures to a hyperoxic environment, as an in vitro model of aging, led to a striking increase in ROS production. This increase in iROS production was accompanied by alterations in the lysosomal pathway in the stressed cultures. 30 The purposes of this study were to evaluate the effect of oxidative stress in intracellular iron homeostasis in TM cells and the potential role of intralysosomal iron in outflow pathway pathophysiology. The data presented here provide evidence for an accumulation of redox active iron in TM cells exposed to chronic oxidative stress. Furthermore, we propose a mechanism by which iron-catalyzed oxidative damage might contribute to the decrease in cellularity reported in the TM tissue with both aging and disease.
MATERIALS AND METHODS

Reagents
Calcein-acetoxymethyl ester (calcein-AM), desferoxamine (DFO), ferric ammonium citrate (FAC), leupeptin, pepstatin A, and H 2 O 2 were obtained from Sigma-Aldrich (St. Louis, MO). Salicylaldehyde isonicotinoyl hydrazone (SIH) was kindly provided by Katherine J. Franz (Department of Chemistry, Duke University).
Cell Culture
Primary cultures of porcine and human TM cells were prepared and maintained as previously described. 30 The protocols involving the use of human tissue were consistent with the tenets of the Declaration of Helsinki. The transformed glaucomatous human cell line (GTM-3) and the transformed nonglaucomatous human cell line (NTM-5) were kindly provided by Alcon Research (Fort Worth, TX).
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Experimental Model for Chronic Oxidative Stress in PTM cells
Chronic oxidative stress was induced by subjecting TM cells to normobaric hyperoxia conditions as previously described. 30 For this, confluent cultures of TM cells at passage four were grown for 2 weeks at 40% O 2 and 5% CO 2 . Control cultures were grown under physiological oxygen conditions (5% O 2 , 5% CO 2 ) in a triple gas incubator.
32
Microarray Analysis
Total RNA (10 g) from three independent human TM primary cultures grown under 5% O 2 or 40% O 2 atmosphere were independently hybridized to microarrays (Human Genome U133 Plus 2.0; Affymetrix, Santa Clara, CA) according to the manufacturer's instructions. Data analysis was performed using microarray data analysis software (GeneSpring version 7.0; Silicon Genetics, Redwood City, CA). Raw data from the six hybridizations were normalized to the 50th percentile per chip and to the median per gene. Genes with a differential gene expression were selected and then filtered on flags to retain the genes that were presented in at least one of the conditions. Because some genes were represented in the arrays in more than one spot, we verified a consistent differential expression in all the spots to eliminate false positives.
Quantitative Real-time PCR
Total RNA from TM primary cultures was isolated with a purification kit (RNeasy; Qiagen, Valencia, CA) in accordance with the manufacturer's protocol and were treated with DNase I. RNA yields were determined using a fluorescent dye (RiboGreen; Molecular Probes, Eugene, OR). First-strand cDNA was synthesized from total RNA (1 g) by reverse transcription using oligo(dT) primer and reverse transcriptase (Superscript II; Invitrogen, Carlsbad, CA). Real-time PCR was performed as previously described. 30 The fluorescence threshold value (Ct) was calculated by real-time PCR detection (iCycler iQ; Bio-Rad, Hercules, CA). ␤-Actin served as an internal standard of mRNA expression. Fold change was calculated using the formula 2 -⌬⌬Ct , where ⌬Ct ϭ Ct gene Ϫ Ct Act , and ⌬⌬Ct ϭ ⌬Ct Exp Ϫ ⌬Ct Con . Primer sequences used for the amplifications are shown in Table 1 .
Western Blot Analysis
Cells were washed in PBS and lysed in 20 mM HEPES, 2 mM EGTA, 5 mM EDTA, and 0.5% NP-40 containing Halt Protease Inhibitor Cocktail and Halt Phosphatase Inhibitor Cocktail (Pierce, Rockford, IL). Protein concentration was determined with a protein assay kit (Micro BCA; Pierce). Protein samples (10 -20 g) were separated by 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Bio-Rad). Membranes were blocked with 5% nonfat dry milk and incubated overnight with anti-ferritin L (SC-14422), anti-cathepsin D (SC-6494), or anti-tubulin (SC-9935) (Santa Cruz Biotechnology, Santa Cruz, CA) or anti-cathepsin B (ab58802-100) from Abcam (Cambridge, MA). Bands were detected by incubation with a secondary antibody conjugated to horseradish peroxidase and chemiluminescence substrate (ECL Plus; GE Healthcare, Pittsburgh, PA).
Measurement of Intracellular Labile Iron Pool
Levels of the cytosolic chelatable iron pool were assayed using calcein-AM, a fluorescent iron-sensitive probe. 33 For this, cells were washed and incubated with 0.15 M calcein-AM for 10 minutes at 37°C in PBS containing 1 mg/mL BSA and 20 mM HEPES, pH 7.3. After calcein loading, cells were trypsinized, washed, and resuspended in this buffer without calcein-AM. Calcein fluorescence was monitored in a fluorescence spectrophotometer (excitation, 488 nm; emission, 518 nm). Once the signal was stable, SIH (100 M) was added to the reaction, and the increase in calcein fluorescence that resulted from the release of iron from the calcein was recorded.
Quantification of Lipofuscin Content
Endogenous cellular autofluorescence was quantified by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA). For this, the fluores- 
Quantification of Intracellular ROS Production
Intracellular ROS production was quantified using the cell-permeant ROS indicator 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2 DCFDA; Invitrogen). Briefly, cells (1 ϫ 10 6 ) were trypsinized and incubated in 1 mL PBS containing 20 M H 2 DCFDA for 30 minutes. After this loading period, cells were washed, and the mean green fluorescence of 10,000 cells was immediately recorded and quantified by flow cytometry (FL-1 channel; CellQuest software; BD Biosciences). Nonstained control cells were included to evaluate baseline fluorescence.
Cell Viability and Cytotoxicity
Cell viability and cytotoxicity were quantified with a cytotoxicity assay (MultiTox-Fluor Multiplex Cytotoxicity Assay; Promega, Madison, WI) that simultaneously measures the relative number of live and dead cells in cell populations. Because of chemical interference, in experiments involving the silencing of cathepsin proteases a cytotoxicity assay (CytoTox 96 Non-Radioactive Cytotoxicity Assay; Promega) that measures the lactate dehydrogenase (LDH) release on cell lysis was used instead. In both cases, assays were performed in accordance with the manufacturer's instructions.
Quantification of Apoptosis and Necrosis
Apoptosis and necrosis were evaluated using YO-PRO-1/propidium iodide (PI) double staining (Vybrant Apoptosis Assay Kit #4; Invitrogen) according to the manufacturer's protocol. Briefly, cells were harvested, washed, and resuspended in cold PBS with suggested dilutions of YO-PRO-1 and PI dyes. Cells were incubated for 30 minutes on ice and then analyzed by flow cytometry (FL1 and FL3 channels). Viable cells exclude both dyes and are YOPRO-1 Ϫ /PI Ϫ . Cells in early apoptosis showed increased permeability to YO-PRO-1 and remained impermeable to PI (YO-PRO-1 ϩ /PI), whereas cells in the late phase of apoptosis or those undergoing necrosis were permeable to both dyes (YO-PRO-1 ϩ /PI ϩ ).
Quantification of DNA Damage
DNA fragmentation associated with oxidative DNA damage was analyzed using the single-cell gel electrophoresis assay (Comet Assay Kit; Trevigen, Gaithersburg, MD) in accordance with the manufacturer's instructions. Briefly, 1 ϫ 10 5 cells were mixed with low melting agarose at 37°C, pipetted onto slides (CometSlides; Trevigen), and maintained at 4°C in the dark for 30 minutes. Slides were immersed in cold lysing solution for 30 minutes at 4°C and then in fresh alkaline electrophoresis solution, pH Ͼ13 (300 mM NaOH, 1 mM EDTA) for 30 minutes at room temperature to allow the unwinding of the DNA and the expression of alkali-labile damage. Electrophoresis was conducted at 1 V/cm for 30 minutes (300 mA). After electrophoresis, DNA was stained with SYBR Green and comets were visualized under the fluorescence microscopy. The comet length of 50 randomly selected cells from each group was quantified by a masked observer using comet scoring software (Comet Score; TriTek Corporation, Sumerduck, VA).
Lysosomal Membrane Stability Assay
Lysosomal stability was assayed using probe (Lysotracker [LTR] Invitrogen) uptake and acridine orange (AO) relocation methods. For the LTR uptake method, cells were treated for 3 hours with H 2 O 2 (0.5 mM, 0.75 mM) and then were loaded for 15 minutes at 37°C with LTR (500 nM). After the loading period, cultures were washed, and cells with a decreased number of intact lysosomes (pale cells) were detected by their diminished punctuated red fluorescence under the confocal microscopy and were quantified by flow cytometry in the FL3 channel.
For the AO-relocation technique, cells were preloaded with AO (5 g/mL) for 15 minutes in complete culture medium, rinsed, and then exposed to H 2 O 2 (0.5 mM, 0.75 mM) for 1 to 2 hours. The increase in green fluorescence due to the release of AO from ruptured lysosomes was monitored under fluorescence microscopy and quantified by flow cytometry in the FL1 channel.
Translocation of Lysosomal Enzymes
Translocation of cathepsin D (CTSD) to the cytosol was visualized using pepstatin A BODIPY FL (Invitrogen). For this, cells grown in gelatin-coated coverslips were loaded with pepstatin A BODIPY FL (1 M) and were exposed to H 2 O 2 for 1 hour. Pepstatin A BODIPY FL-CTSD complexes were visualized under confocal microscopy.
Construction of pcDNA-GFP-miR-CTSB and pcDNA-GFP-miR-CTSD
Silencing of CTSD and cathepsin B (CTSB) was achieved (BLOCK-iT Pol II miR RNAi System; Invitrogen). For this, microRNA sequences to specifically target porcine CTSB (ACGGCCGGACACAATTTCTAC; GenBank accession no. ef095956) and porcine CTSD (GCCCTGTAATTCT-GCGTTGTT; GenBank accession no. NM_001037721) were designed using the online tool (BLOCK-iT RNAi Designer Invitrogen). PremiRNA double-stranded oligos were generated by annealing two singlestranded DNA oligonucleotides: the top strand oligo, containing a 5Ј-overhang region complementary to the cloning vector (TGCTG), the antisense target sequence, the internal loop sequence (GTTTTGGC-CACTGACTGAC), and the nucleotides 1 to 8 and 11 to 21 of sense target sequence; and the bottom strand oligo, containing a 5Ј-overhang region (CCTG) and the reverse complement of the top strand oligo sequence minus 5Ј-overhang. The obtained pre-miRNAs were then cloned into the expression vector pcDNA 6.2-GW/EmGFP-miR to yield pcDNA-GFP-miR-CTSB and pcDNA-GFP-miR-CTSD. Proper orientation and sequence were confirmed by sequencing. Control plasmid (pcDNA6.2-GW/EmGFP-miR-neg; Invitrogen) was used as a negative control.
Amaxa Nucleofector Transfection
Transfection of primary cultures of porcine TM cells was performed by electroporation (Nucleofector System, T23 program; Amaxa Inc., Gaithersburg, MD) using a kit for primary endothelial cells (Basic Nucleofector Kit; Amaxa Inc.), according to the manufacturer's instructions.
Statistical Analysis
All experimental procedures were repeated at least three times in independent experiments using different cell lines. The percentage of increase of the experimental conditions compared with the control was calculated and averaged. Data are represented as mean Ϯ SD. Statistical significance was calculated using Student's t-test for twogroup comparisons and one-way or two-way ANOVA for multiple group comparisons (Prism; GraphPad, San Diego, CA). P Ͻ 5% was considered statistically significant.
RESULTS
Altered Iron Homeostasis in GTM Cells and in Primary Cultures of TM Cells Subjected to Chronic Oxidative Stress
To test the potential effects of aging on intracellular iron homeostasis in TM cells, we quantified the mRNA levels of TFRC, FTH, and FTL in primary cultures of porcine TM cells exposed to the experimental model of aging previously described (40% O 2 vs. physiological 5% O 2 ). 30 Quantitative realtime PCR analysis demonstrated altered mRNA levels of TFRC (1.85 Ϯ 0.25-fold), FTH (2.01 Ϯ 0.16-fold), and FTL (2.44 Ϯ 1.01-fold) with chronic oxidative stress (Fig. 1A) . Cells exposed to 40% O 2 also showed decreased mRNA levels of CP (0.47 Ϯ 0.1-fold), a gene involved in iron export with downregulated expression in the glaucomatous outflow pathway. 34 In addition, we observed a significant upregulation (6.09 Ϯ 2.00-fold) of MT1A, a metal-binding protein that has recently been reported to protect macrophages against oxidative stress-induced lysosomal destabilization. 35 Western blot analysis of whole cell lysates using a specific antibody against FTL demonstrated the increased expression of this protein in the cultures exposed to chronic oxidative stress (Fig. 1B) .
As shown in Table 2 , microarray analysis of human TM cells exposed to a hyperoxic environment also showed altered expression of several genes involved in intracellular iron homeostasis, including IRP1, FTH, PIR, TFRC, and MT1P3 ( Table 2 ), indicating that the dysregulation of iron homeostasis in TM cells with oxidative stress was not species specific. Moreover, qPCR analysis demonstrated the statistically significant upregulation of FTL (1.88 Ϯ 0.23-fold; P ϭ 0.0028; n ϭ 3) in the immortalized glaucomatous cell line GTM-3 compared with the nonglaucomatous cell line NTM-5 (Fig. 1C) . Although it did not reach statistical significance, GTM cells also demonstrated slightly decreased levels of CP (0.5 Ϯ 0.04; P ϭ 0.063; n ϭ 3). Altogether, these data indicate altered iron homeostasis in TM cells with oxidative stress.
Increased LIP in Primary Cultures of Aging TM cells
Because, as explained in the Introduction, the expression of genes involved in iron homeostasis is controlled by cellular iron content, our data suggested the presence of higher concentrations of free iron in the stressed cultures compared with the nonstressed cultures. To confirm this, we quantified the intracellular LIP using the calcein-AM assay. Calcein-AM is a nonfluorescent lipophilic ester that easily penetrates cell membranes and is intracellularly cleaved by nonspecific cellular esterases into calcein, a fluorescent, nonpermeable compound that is retained within the cell. Calcein-loaded cells show a fluorescence component (⌬F) that is quenched by intracellular free iron. On addition of the cell-permeable iron chelator SIH, iron is released from calcein, which regains its fluorescence. The increase in calcein fluorescence is proportional to the size of the intracellular LIP. 33 As shown in Figure 1D , increased in higher proportions in the stressed cultures after addition of the iron chelator SIH ( Fig. 1E ; 324.5% Ϯ 143.73%; P ϭ 0.01; n ϭ 7), indicating that elevated amounts of Fe 2ϩ
were displaced from calcein-Fe complexes compared with control. Altogether, these data indicate an increase in redox active iron content in aging cultured porcine TM cells.
Exogenous Iron Increases Lipofuscin Levels and iROS Production and Sensitizes Porcine TM Cells to H 2 O 2 -Induced Cell Death
We next wanted to investigate whether this increase in iron content in the stressed cultures could be at least partly responsible for the previously reported increase in iROS production and lipofuscin content in TM cells exposed under 40% O 2 .
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For this purpose, we experimentally increased intracellular iron content by incubating porcine TM cells with increasing concentrations of FAC for 3 days. As expected, the addition of FAC to the culture media resulted in a dosage-dependent increase in FTL (up to 10.25 Ϯ 1.50-fold with 1 mM FAC; P ϭ 0.008; n ϭ 3) and FTH (up to 4.15 Ϯ 1.59-fold with 1 mM FAC; P ϭ 0.07; n ϭ 3) mRNA levels and a decline in the TFRC mRNA levels (up to 1.38 Ϯ 0.06-fold; P ϭ 0.008; n ϭ 3) in response to iron treatment ( Fig. 2A) . Western blot analysis also demonstrated the induction of FTL expression by FAC in a dosagedependent manner (Fig. 2B) , thus confirming an elevation in the intracellular iron content in these cultures. As shown in Figure 3A , FAC-treated cultures displayed higher levels of cellular autofluorescence, which represented peroxidized lipids and protein, compared with the nontreated cultures (ANOVA; P ϭ 0.0134; n ϭ 3). Such increase was observed even at the lowest FAC dosage (0.01 mM FAC; 237.2% Ϯ 67.2%; P Ͻ 0.05; n ϭ 3) and did not significantly vary with higher FAC concentrations.
To investigate the participation of intracellular iron in Fenton reactions, we measured iROS production in FAC-treated cultures exposed for 1 hour to a bolus dosage of H 2 O 2 (0 mM, 0.5 mM, or 0.75 mM). The presence of intracellular iron significantly induced both the constitution (302.99% Ϯ 33.49%; P Ͻ 0.002; n ϭ 3) and the formation of iROS induced by H 2 O 2 (456.81% Ϯ 254.45% with 0.5 mM H 2 O 2 and 1099.05% Ϯ 470.44% with 0.75 mM H 2 O 2 ; two-way ANOVA; P ϭ 0.0137; n ϭ 3) compared with nontreated cultures (Fig. 3B) . Moreover, daily supplementation of porcine TM cells with SIH (10 M), a membrane-permeant iron chelator, caused a significant reduction in the increased iROS production resulting from culturing of cells for 2 weeks under 40% O 2 (72.57% Ϯ 21.81% vs. 150.86% Ϯ 4.44%; P ϭ 0.003; n ϭ 3; Fig. 3C ).
We also explored whether FAC-treated cells were more sensitive to the cytotoxic effects of H 2 O 2 . For this, FAC-treated cells were exposed to a bolus dosage of H 2 O 2 , and cell viability and cytotoxicity were assayed at 3 hours after treatment. As shown in Figure 3D , exogenously added FAC significantly ex- 
Intralysosomal Iron Chelation Inhibits Constitutive and Inducible iROS Production and Protects Cultured Porcine TM Cells from H 2 O 2 -Induced Cytotoxicity
Because of the autophagic degradation of ferritin and other ferruginous material, including mitochondria and metalloproteinases, the lysosomal compartment is the cellular organelle in which most intracellular iron is accumulated. Given the acidic lysosomal pH and the high reducing conditions, most of the iron is found in its redox active form (Fe 2ϩ ), which can participate in Fenton reactions in the presence of H 2 O 2 diffusing into the lysosomes. 15, 29 To investigate the potential role of intralysosomal iron in the cytotoxic effect of H 2 O 2 in porcine TM cells, we used the lysosomal iron chelator DFO. DFO is a nonmembrane-permeant compound that is taken up into cells by endocytosis and is compartmentalized within the lysosomes, whereby it specifically chelates intralysosomal iron. 36 Primary cultures of porcine TM cells were preincubated for 2 hours with increasing concentrations of DFO (0.05 mM, 0.1 mM, and 0.5 mM) and then exposed to a bolus dosage of H 2 O 2 (0 mM, 0.25 mM, 0.5 mM, 0.75 mM, and 1 mM). Viability and cytotoxicity were determined at 3 hours after H 2 O 2 treatment. As represented in Figure 4A , H 2 O 2 induced a significant decrease in the ratio of viable cells compared with control cultures (ANOVA; P Ͻ 0.0001; n ϭ 3). Although DFO alone did not have any effect on cell viability at the time tested, intralysosomal iron chelation significantly protected porcine TM cells against H 2 O 2 -induced cell death in a concentration-dependent manner (Figs. 4A, 4C; ANOVA; P Ͻ 0.001; n ϭ 3). Preincubation with DFO also reduced the constitutive FTL protein levels and completely blocked the induction of FTL expression by H 2 O 2 treatment (Fig. 4B) , analyzed by Western blot analysis at 24 hours after treatment. Moreover, intralysosomal iron chelation caused a statistically significant reduction in the constitutive and in the H 2 O 2 -(ANOVA; P Ͻ 0.001; n ϭ 3) and FACinduced iROS production (ANOVA; P Ͻ 0.0001; n ϭ 3; Fig.  4D ). These results indicate a key role of lysosomal iron and iROS formation in the molecular mechanisms accompanying H 2 O 2 -induced cell death in porcine TM cells.
Intralysosomal Iron Chelation Protects Primary Cultures of Porcine TM Cells against Apoptosis and H 2 O 2 -Induced DNA Fragmentation
Cell death by apoptosis is one of the mechanisms by which H 2 O 2 causes cell cytotoxicity. Given that an increasing number of studies in different cell types have recently supported a crucial function of lysosomes in triggering apoptosis, 37 we were interested in investigating whether the chelation of intralysosomal iron was protecting TM cells from undergoing H 2 O 2 -induced programmed cell death. Apoptosis was detected by monitoring two different parameters: changes in cell membrane permeabilization using YO-PRO/PI dual staining and DNA fragmentation. 
Intralysosomal Iron Chelation Protects Cultured Porcine TM Cells from H 2 O 2 -Induced Lysosomal Membrane Permeabilization
To test the potential role of intralysosomal redox-active iron in lysosomal permeabilization due to potential peroxidation induced by lysosomal ROS, we evaluated the integrity of the lysosomal membrane in H 2 O 2 -treated cells and the potential protective effect of DFO using the LTR-uptake and the AOrelocation methods.
LTR is a lysosomotropic fluorescent dye that accumulates within intact lysosomes, yielding red fluorescence. Rupture of the lysosomal membrane leads to the leakage of the probe into the cytosol, resulting in the appearance of cells with weak red fluorescence (pale cells) that could be detected with fluorescence microscopy ( reduction in the number of pale cells (non-FAC treated: ANOVA, P ϭ 0.0026, n ϭ 3; FAC-treated: ANOVA, P ϭ 0.0055, n ϭ 3). Similar results were obtained when we quantified LMP by monitoring the relocation of AO, a more sensitive technique. AO is a lysosomotropic metachromatic dye that yields red fluorescence when it accumulates within the lysosomes and green fluorescence when diffuses into the cytosol and nuclei. Lysosomal rupture is detected in this case by an increase in the mean green fluorescence value (Fig. 6D) . Altogether, these results support a crucial role of intralysosomal iron in lysosomal permeabilization in porcine TM cells.
Cytosolic Release of Cathepsin D Is Involved in H 2 O 2 -Induced Cell Death in Porcine TM Cells
One of the potential consequences of lysosomal rupture is the release of lysosomal enzymes into the cytosolic compartment, where they can initiate proteolytic events triggering apoptosis and cell death. To monitor whether H 2 O 2 exposure was inducing the translocation of cathepsins into the cytosol, we used BODIPY FL-pepstatin A, a pH-dependent fluorescent probe that binds to CTSD. In control cells, pepstatin A BODIPY FL-cathepsin D complexes were localized, as expected, in the perinuclear region (Fig. 7A , punctate green fluorescence staining). Cells treated with H 2 O 2 showed a more diffuse pattern distribution and a decrease in green fluorescence, suggesting the loss of CTSD from the lysosomes in response to H 2 O 2 . Preincubation with DFO before oxidative challenge completely prevented the relocation of CTSD.
To investigate the potential participation of lysosomal enzymes in H 2 O 2 -induced cell death, porcine TM cells were pretreated with either leupeptin (0.1 mM, a cysteine proteinase inhibitor) or pepstatin A (0.1 mM, an inhibitor of the aspartic protease cathepsin D) for 30 minutes and then were exposed to a bolus dosage of H 2 O 2 (0.75 mM). Cell death was evaluated by quantification of the LDH released to the culture media at 3 hours after treatment. Chemical inhibition of CTSD significantly produced a decrease in the amount of released LDH (0.130 Ϯ 0.025 ROU in pepstatin A/H 2 O 2 -treated cells vs. 0.427 Ϯ 0.051 ROU in H 2 O 2 -treated cultures; P ϭ 0.0008; n ϭ 3; Fig. 7B ). Similar results were obtained with a lower dosage of the inhibitor (0.01 mM, data not shown). In contrast, chemical inhibition of cysteine proteinases did not show any protective effect against H 2 O 2 -induced cell death.
To confirm these results, we generated plasmids containing microRNA sequences to specifically knock down the expression of porcine CTSB or porcine CTSD (Fig. 7D) . As shown in Figure 7C , silencing CTSD expression significantly decreased the release of LDH after H 2 O 2 treatment (0.366 Ϯ 0.08 ROU vs. 0.614 Ϯ 0.06; P ϭ 0.016; n ϭ 3).
Resistance of Porcine TM Cells Grown under Hyperoxic Conditions to H 2 O 2 -Induced Cell Death
We have recently reported lower lysosomal enzyme activity per lysosomal enzyme content in cultured TM cells grown under 40% O 2 compared with cells grown under physiological oxygen concentrations. 30 Considering the previous results, we were interested in evaluating the resistance of these stressed cells against further acute oxidative insult. For this, confluent cultures of porcine TM cells were grown for 2 weeks at either 5% O 2 or 40% O 2 conditions and then were challenged with a bolus dosage of H 2 O 2 . LDH released to the culture media was quantified at 3 hours after treatment. As observed in Figure 8 , cells grown at 40% O 2 demonstrated lower concentrations of LDH in response to H 2 O 2 , indicating higher resistance to H 2 O 2 -induced cell death (ANOVA; P Ͻ 0.0001; n ϭ 3).
DISCUSSION
Increasing evidence shows that oxidative stress and free radical damage in the outflow pathway may underlie the pathogenesis of ocular hypertension in glaucoma. The data presented here show that chronic oxidative stress alters intracellular iron homeostasis in human and porcine TM cells, resulting in the accumulation of redox-active iron within TM cells; that intracellular accumulation of iron, in particular within the lysosomal compartment, is accountable for the increase in ROS production observed in the oxidatively stressed cultures; and that lysosomal iron may cause lysosomal labilization and CTSDmediated TM cell death. These findings suggest a novel mechanism by which oxidative stress might contribute to the pathophysiology of the outflow pathway in glaucoma.
Accumulation of iron has been reported in a variety of tissues and has been increasingly implicated in the pathogenesis of aging and disease. 16 -20,23,38 Whether the increase in iron with age is a byproduct of normal aging or whether iron itself is involved in the pathogenesis of aging or age-related disorders is still unknown. The molecular basis of age-related iron accumulation also remains unknown. Our studies demonstrated increased ferritin levels and iron content in primary cultures of TM cells subjected to chronic oxidative stress as an in vitro model of aging. Similar results have been reported in primary cultures of human fibroblasts and in umbilical vein endothelial cells during replicative and stress-induced senescence.
14 Interestingly, iron accumulation was not observed in immortalized cells, suggesting that the changes in iron content result from the processes driving cellular senescence. One plausible mechanism leading to iron accumulation may involve the loss of iron homeostasis at the cellular level. Oxidative stress is known to alter iron homeostasis and to induce an "iron-starved" phenotype in the cells through uncoupling of iron homeostasis and iron uptake mechanisms. 39 -41 This may explain our findings that though treatment of TM cells with FAC led, as expected, to decreased levels of TFRC mRNA and to increased FTH and FTL mRNA and proteins levels, porcine and human TM cells exposed to chronic oxidative stress showed a surprising increase in both ferritin and TFRC mRNA levels.
In vitro and in vivo studies have shown that most of the intracellular iron is progressively accumulated within the lysosomal compartment. 15, 29 This subcellular localization of iron results from the autophagic degradation of macromolecules and organelles containing iron, including ferritin, metalloproteinases, and mitochondrial electron transport complexes. A major consequence of intralysosomal iron accumulation is its participation in Fenton reactions. Because of the intrinsic low pH and the high reducing conditions in the lysosomal lumen, lysosomal iron is predominantly found in its redox active form, which is able to catalyze the formation of free radicals in the presence of H 2 O 2 . The intralysosomally generated ROS have been implicated in the formation of lipofuscin, an autofluorescent, polymeric, nondegradable material composed of peroxidized lipids, proteins, and metals and found to progressively accumulate within lysosomes in aging postmitotic cells. 37, 42, 43 Accordingly, FAC-treated TM cells displayed increased lipofuscin content, iROS production, and enhanced cytotoxicity to H 2 O 2 . In addition, specific chelation of lysosomal iron using DFO, a nonpermeant iron chelator that is uptaken by endocytosis and therefore is compartmentalized in the lysosomes, 36 reduced both the endogenous radicals and the production of free radicals in the presence of H 2 O 2 . Furthermore, treatment of TM cells with the membrane-permeant iron chelator SIH significantly blocked the observed production of iROS in TM cells grown in a 40% O 2 environment. All these data confirmed the central role of intralysosomal iron in iROS production. Although SIH specifically chelates not only lysosomal iron but also redox active iron throughout the cell, Kurtz et al. 29 recently demonstrated that the protective effect of SIH against oxidative damage is mediated by lysosomal stabilization. Notably, in contrast to DFO, which triggers cell death by iron starvation during long-term treatment, TM cells supplemented with SIH each day for 2 weeks did not show any sign of cytotoxicity (data not shown).
Along with preventing ROS formation, we found that intralysosomal iron chelation with DFO completely protected the cells against H 2 O 2 -induced DNA fragmentation and cell death (necrosis and apoptosis). Although mitochondria and caspases have been long considered the master regulators of apoptosis, an increasing number of studies published during the past few years have reported a key role of lysosomes in the early events, triggering both apoptosis and necrosis in response to different stimuli, oxidative stress among them. 37,42,44 -48 The continuous iron-catalyzed formation of ROS within lysosomes may promote peroxidation of the lysosomal membrane and lysosomal labilization, with the conse- quent leak and relocation of lysosomal contents into the cytosol, including ROS, iron, and lysosomal enzymes. 29, 37, 49 Our results showed that, effectively, short-term treatment with a bolus dosage of H 2 O 2 induced LMP and the cytosolic release of CTSD in TM cells. Moreover, though rupture of the lysosomal membrane was exacerbated in FAC-treated cells, DFO completely prevented LMP and the relocation of CTSD. Together these findings indicated that the cytoprotective effect observed with the iron chelator in TM cells subjected to oxidative insult involved stabilization of the lysosomal membrane mediated by inhibition of lysosomal ROS production. Interestingly, iron did not affect lysosomal integrity, suggesting that the antioxidant cellular systems are able of coping with the free radicals generated under normal physiological conditions. Western blot analysis revealed increased levels of FTL after H 2 O 2 treatment that were restored with DFO. Because FTL expression is transcriptionally regulated by oxidative stress and is posttranscriptionally regulated through iron, 50 we could not discern with the available data whether such FTL increase was caused by the presence of cytosolic redox active iron leaked from lysosomal rupture, ROS, or both. Similarly, DNA fragmentation might have resulted from the diffusion of iron or ROS to the nucleus or from the activation of nucleases in response to apoptotic signaling. Of particular interest is the upregulation of pyrin, a nuclear iron-binding protein of still unknown function, 51 in human TM cells grown under 40% O 2 conditions.
Cathepsins are the most abundant lysosomal proteases. Both pharmacologic inhibition using pepstatin A and silencing of CTSD expression by miRNA demonstrated a role of the aspartic protease CTSD in H 2 O 2 -induced cell death in TM cells. This is consistent with the lysosomal-mitochondrial axis theory that suggests lysosomal permeabilization might be an integral part of both the intrinsic and the extrinsic apoptotic pathways and that the synergistic action of lysosomal hydrolases and caspases are necessary for apoptosis. 42 Even though cathepsins are optimally active at acidic pH, they show a residual activity at neutral pH. Acidification of cytosol during apoptosis may help stabilize and prolong their lifetime and thus enable them to cleave cytosolic substrates. 52, 53 In particular, CTSD and CTSB have been reported to cleave members of the Bcl2 family, such as Bid and Bax. 46, 47, 54, 55 A corollary question arising from the data presented here is why, despite the increase in iROS production and increased chelatable iron content, TM cells cultured at 40% O 2 show no signs of cytotoxicity. Furthermore, exposure of TM cells to chronic oxidative stress preconditioned and protected the cells against acute oxidative insult. One possible explanation is that chronic exposure to mild oxidative stress might induce protective mechanisms. In this regard, stressed cultures demonstrated upregulated expression of MT1A, a protein recently reported to protect against lysosomal destabilization and to provide enhanced cellular resistance to oxidative stress. 35 Our previous work demonstrated decreased cathepsin activities per total protein in TM cells grown under 40% O 2 conditions. In view of these findings, it is tempting to speculate that such diminished cathepsin activities might somehow protect the cells against LMP and form part of the antioxidant cellular response. We are conducting studies aimed at determining the integrity of the lysosomes in TM cells cultured in 40% O 2 and whether both these events are related.
The development and progression of glaucoma have long been associated with cumulative oxidative damage in the outflow pathway tissue. A recent study has shown that TM cells have the highest oxygen consumption and that the outflow pathway is the most sensitive tissue to oxidative radicals in the anterior chamber of the eye. 56 Although an increase in chelatable iron content in the human glaucomatous outflow pathway has yet to be proven, our present study shows upregulated FTL mRNA levels and a slight decrease in CP mRNA levels in GTM-3 compared with NTM-5. In addition, microarray analysis showed that, similar to what was found in oxidatively stressed cultures, TM tissue from glaucoma donors demonstrated downregulated and upregulated expression levels of CP and TFRC, respectively. 34 Interestingly, elevated iron content in the angle region has been described in ceruloplasmin/hephaestin double-knockout mice. 57 Several groups have consistently reported a decrease in cellularity and absolute cell number in the trabecular outflow pathway with aging and in glaucoma. 58 -63 This exponential decrease in cellularity in TM cells is similar to that of other aging tissues in which cells are thought not to undergo extensive cell division, such as neurons and skeletal muscle. 61 In addition, a recent work has detected an accumulation of apoptotic cells in the trabecular meshwork of glaucoma donors. 63 Yet the mechanisms leading to TM cell death with aging and in glaucoma remain unknown.
Here we propose that the generation of intralysosomal ROS may induce lysosomal membrane permeabilization and release of CTSD into the cytosol, with consequent TM cell death. Moreover, our data suggest that chelation of lysosomal iron might represent a novel therapeutic strategy to counteract the effect of oxidative stress in aging and in disease. 
